Arsenic is the most common toxic substance in the environment, ranking first on the Superfund list of hazardous substances. It is introduced primarily from geochemical sources and is acted on biologically, creating an arsenic biogeocycle. Geothermal environments are known for their elevated arsenic content and thus provide an excellent setting in which to study microbial redox transformations of arsenic. To date, most studies of microbial communities in geothermal environments have focused on Bacteria and Archaea, with little attention to eukaryotic microorganisms. Here, we show the potential of an extremophilic eukaryotic alga of the order Cyanidiales to influence arsenic cycling at elevated temperatures. Cyanidioschyzon sp. isolate 5508 oxidized arsenite [As(III)] to arsenate [As(V)], reduced As(V) to As(III), and methylated As(III) to form trimethylarsine oxide (TMAO) and dimethylarsenate [DMAs(V)]. Two arsenic methyltransferase genes, CmarsM7 and CmarsM8, were cloned from this organism and demonstrated to confer resistance to As(III) in an arsenite hypersensitive strain of Escherichia coli. The 2 recombinant CmArsMs were purified and shown to transform As(III) into monomethylarsenite, DMAs(V), TMAO, and trimethylarsine gas, with a T opt of 60 -70°C. These studies illustrate the importance of eukaryotic microorganisms to the biogeochemical cycling of arsenic in geothermal systems, offer a molecular explanation for how these algae tolerate arsenic in their environment, and provide the characterization of algal methyltransferases.
A rsenic is the most common toxic substance in the environment, ranking first on the Superfund list of hazardous substances (http://www.atsdr.cdc.gov/cercla/07list.html). It is introduced to the environment primarily from geologic sources and is acted on biologically, creating an arsenic biogeocycle (1) . Geothermal environments are well known for their elevated arsenic content (2) and thus provide an excellent setting in which to study microbe-arsenic interactions. Thus far, studies conducted in the Alvord Desert Basin (3), Mono Lake (4, 5) , and Yellowstone National Park (YNP) (6-9) have focused on microbial arsenite [As(III)] oxidation. However, studies aimed at identifying the organisms participating in these and other As transformations have focused almost entirely on microorganisms belonging to the domains Archaea and Bacteria (3, (9) (10) (11) (12) . By contrast, comparatively little attention has been paid to the Eukarya that inhabit these extreme environments, much less their potential contribution to biogeochemical cycles in these extreme habitats.
The structurally simple unicellular eukaryotic red algae Cyanidioschyzon, Cyanidium, and Galdieria (order Cyanidiales) are acidophilic, moderate thermophiles that visually dominate the biomass of microbial communities inhabiting the cooler (38-57°C) reaches of outflow channels of acidic (pH 0.2-3.5) geothermal features in YNP (13) (Fig. 1 ) and are the only identified photoautotrophs in thermo-acidic environments (14) . Variations in 18S rRNA and microsatellite markers (13, 15 ) and rbcL (16) genes cloned from geothermal environments suggest that significant population-level diversity occurs within the Cyanidiales, and recent cultivation efforts have uncovered interesting evidence of biogeographical groups in New Zealand, Japan, and YNP (15) . Although these primitive plants are commonly observed growing in high arsenic environments [e.g., adjacent to realgar (AsS); Fig. 1C ], little is known about how they tolerate arsenic or about their potential contribution to the biogeocycling of this environmental toxicant. Algae phylogenetically related to Cyanidioschyzon merolae (18S rRNA, 99%; (15) . (B) Nymph Creek, located in the Norris-Mammoth corridor, is heavily shaded and does not experience mat decline. (C) Cyanidiales algae associated with realgar-like mineral phases and geothermal-derived waters containing 0.76 mM total arsenic. The orange-yellow deposits were determined by scanning electron microscope energy-dispersive X-ray spectroscopy to be realgar-like, with an As/S ratio range of 1.1 to 1.3 (Fig. S1) .
rbcL, 99%) have been isolated from various acidic geothermal locations in YNP (13, 15) , and a representative Cyanidioschyzon strain that oxidizes As(III) to As(V) in pure culture has been identified (13) . In this article, we show that this isolate oxidizes As(III), reduces As(V), and methylates arsenic, converting As(III) to several organic forms. As part of these investigations, we also characterize the methyltransferases involved and offer a molecular explanation for how these algae tolerate arsenic in their environment and provide the characterization of algal methyltransferases.
Results

Bioassays.
Assays with pure cultures of strain 5508 were quite reproducible. There was an initial period of As(III) oxidation to As(V) (Fig. 2) , followed by a rapid decline in As(V) levels concomitant with accumulation of trimethylarsine oxide (TMAO) (Fig. 2) . Although trimethylarsine [TMAs(III)] gas might be expected to be the final product, only minor amounts were detected by GC-MS analysis of the headspace gases. Because the algal cultures were sealed to monitor gas production, photosynthesis would fill the headspace with oxygen, which spontaneously oxidizes TMAs(III) to TMAO (17) , so it is not surprising that TMAO was the major methylated species accumulating in the algal culture.
Cloning of the arsM Genes. PCR cloning using total DNA extracts from the alga yielded 2 arsM genes, CmarsM7 (GenBank accession no. FJ476310) and CmarsM8 (GenBank accession no. FJ463403), with each encoding proteins of 400 residues that differ at 3 residues: K279R, G379D, and A383E (Fig. S2) . Sequencing of multiple clones suggested the sequence deviations were not caused by PCR or sequencing errors. CmArsM7 and CmArsM8 are 99.5% identical to the putative product of gene CMT 024C (GenBank accession no. AP006502), annotated as an arsenic methyltransferase in C. merolae strain 10D chromosome 20, and 89.7-90.0% identical to CME 010C (GenBank accession no. AP006487), annotated as a probable arsenic methyltransferase in chromosome 5. The 2 CmArsMs share 48% identity and 66% similarity with a predicted protein in the marine eukaryotic alga Ostreococcus lucimarinus (GenBank accession no. ABP00263.1), 34% identity, 56% similarity (across 180 aa) to an annotated arsenic methyltransferase in Aspergillus fumigatus (GenBank accession no. XM748062), and to the AS3MT arsenic methyltransferases of rat and human (44% identity, 60% similarity to ArsM7) (18) . They also exhibit significant, but lower, similarity to the prokaryotic Rhodopseudomonas palustris ArsM (38% identity, 51% similarity to CmArsM7) (19) . The greatest similarity is within the N-terminal regions of the predicted proteins. There is little similarity in the C-terminal regions except for the presence of 1 or 2 cysteine pairs at the C terminus of each. With glycine residues on each side, the cysteine pairs likely stick out from the surface of the protein. Vicinal cysteines are known to form strong As(III) binding sites, so these might serve as the initial As(III) binding site, similar to the cysteinerich N termini of heavy metal translocating P-type ATPases (20) .
CmArsM Enzymes Function to Detoxify As(III).
Fewer than 0.5% of the nuclear genes in C. merolae contain introns (21) , and thus expression studies with cloned genes are a straightforward exercise. The CmarsM7 and CmarsM8 genes were cloned into an Escherichia coli vector and expressed in E. coli strain AW3110, which has no orthologous arsM gene and is As(III)-hypersensitive resulting from the deletion of the chromosomal arsRBC operon (22) . Cells expressing either CmarsM gene could grow in As(III) concentrations as high as 0.10 mM (Fig. 3 shows results with CmarsM7), demonstrating the ability of the gene products to confer arsenic tolerance, consistent with the idea that these enzymes have a physiological role in arsenic detoxification.
Reaction Products of CmArsM. Analysis of the aqueous fraction of sealed AW3110 cultures expressing CmarsM7 (or CmarsM8) revealed formation of dimethylarsenate [DMAs(V)] and small amounts of TMAO ( Fig. 4 and Table S1 ). Cold-trapping gas chromatography coupled with inductively coupled plasma MS (ICP-MS) was used to quantify and speciate the gaseous products. The major product was determined to be TMAs(III). At 3 h, DMAs(V) began to accumulate in the medium, and at 5 h the amount of DMAs(V) in the medium increased, with a concomitant increase in TMAs(III) gas, consistent with DMAs(III) being an intermediate in the pathway of TMAs(III) production as proposed by Challenger (23), who suggested an alternating Cultures of E. coli ⌬arsRBC bearing the indicated plasmids were assayed with the indicated concentrations of sodium arsenite. , vector plasmid pET28aϩ, no arsenite; E, pET28a-alg-arsM7, no arsenite; ᮀ, vector plasmid pET28aϩ, 50 M As(III); ■, pET28a-alg-arsM7, 50 M As(III); OE, vector plasmid pET28aϩ, 100 M As(III); {, pET28a-alg-arsM7, 100 M As(III). The data represent the average of 3 replicate cultures.
series of oxidative methylations followed by reductions of As(V) to As(III). Presumably other intermediates in the Challenger pathway such as DMAs(III) also form transiently. Approximately 5% of the arsenic was volatilized after 5 h in vivo at 37°C, the temperature optimum for growth of E. coli. The amount of both TMAO and TMAs(III) gas produced increased with higher concentrations of medium As(III). The accumulation of volatile arsenic in E. coli heterologously expressing the CmarsM7 gene reflects stability of TMAs(III) in the sealed cultures of the oxygenconsuming E. coli cultures, which rapidly become anaerobic.
Enzymatic Mechanism. To elucidate the mechanism of arsenic methylation by the algal enzymes, recombinant CmArsM7 and CmArsM8 were purified from E. coli cytosol and assayed for As(III)-S-adenosylmethionine methyltransferase activity. At 37°C, both enzymes converted As(III) to DMAs(V) after 6 h, with small amounts of TMAO appearing after 8 h (Fig. 5A and Table S2 ). When assayed at temperatures ranging from 50°C to 80°C, purified CmArsM7 converted As(III) to monomethylarsenite [MMAs(III)] and DMAs(V), with a temperature optimum at 60-70°C (Fig. 5B) . There was an initial small loss of total arsenic, apparently caused by binding to the column material, but no volatilization was observed at early time points. At 70°C, the pH optimum for CmArsM7 was 7.5 measured over the range 2 to 8.5. The rate of arsenic transformation was considerably accelerated at higher temperatures compared with 37°C, with nearly all of the As(III) converted to DMAs(V) within 30 min at 70°C (Fig. 5C ). All of the As(III) was converted to TMAO and TMAs(III) after 12 h. Although the ratios of MMAs(III) to DMAs(V) varied somewhat from assay to assay with the purified enzyme, at 50°C the concentration of MMAs(III) tended to be lower than DMAs(V), suggesting that at temperatures more environmentally relevant to Cyanidioschyzon the conversion of MMAs(III) to DMAs(V) is faster than the next step, the conversion of DMA(V) to DMA(III), which may be rate limiting in the overall reaction under these conditions.
Discussion
The studies described herein demonstrate As(III) methylation by the ecologically relevant Cyanidioschyzon sp. pure culture isolate 5508 and by the enzymes encoded by genes cloned from this alga. The optimal in vitro enzymatic rates at elevated temperatures (Fig. 5C ) are consistent with the thermophilic properties of the alga, and when considered with the considerable biomass of this organism in these springs (Fig. 1) , it would seem to appear that the Cyanidiales play a significant role in the As biogeochemical cycle in the geothermal environment. Indeed, As(III) oxidation rates in the outflow channel dominated by these algae are significant (7). The ability of these unicellular plants to transform arsenic is arguably a major mechanism for tolerance to high concentrations of arsenic in acidic geothermal settings and contributes to their ecological fitness and ability to flourish in such surround- ings. Isolate 5508 may use at least 2 different arsenic detoxification strategies that may be coupled and compartmentalized in a fashion that is well suited with their environment. Because As(III) is the dominant form of arsenic in acidic geothermal waters (2), the cell may first attempt to detoxify its immediate environment by converting As(III) to the less toxic As(V) oxyanion. However, inorganic phosphate is typically below detection in such environments (2, 7), and thus the resulting As(V) would likely be readily taken up by the cell via phosphate permeases (24) . Consequently, As(III) methylation could represent an additional mechanism to rid the cell of the accumulated As(V), with the expectation that, under in situ conditions, the eventual final product would be TMA(III), a volatile gas that would leave the cell, presumably by a passive mechanism. It should be noted that the rat enzyme also synthesizes TMA(III) (25) , so the entire methylation pathway is well conserved across the Eukarya. The observed time course of As(V) accumulation (Fig. 2) is consistent with As(III) oxidation occurring outside of the cytoplasm compartment, which is well documented for bacteria (26) and would represent an interesting addition to algal extracellular enzymes [e.g., carbonic anhydrase (27) and extracellular phosphatase (28)]. The subsequent disappearance of As(V) (Fig. 2) likely reflects As(V) uptake by the phosphate transporter when the As(V)/phosphate ratio significantly exceeded unity. As(V) uptake would occur when phosphate levels become depleted at latter stages of the culture cycle due to cellular P consumption. The As(V) is then rereduced in the cytosol to As(III), the substrate for methylation. We examined this scenario in experiments where As(V) was added to the medium in place of As(III) and at the same concentrations; the time course and amount of TMAO formed were essentially identical with that observed with As(III), and thus argues that the level of extracellular As(V) per se is not a determining factor to arsenic uptake and initiation of As(III) methylation. In still further experiments where the cells were suspended in phosphate-free medium containing As(III), the onset and rate of TMAO formation reflected enhanced access of arsenic to the cytoplasm; i.e., Ͼ50% of the arsenic was methylated within 66 h. In summary, the data indicate that As(V) uptake is the rate-limiting factor for intracellular reduction to As(III) and subsequent methylation.
In vitro characterization of the purified recombinant enzymes generated data that are also internally consistent with the balance of the study in that the pH optimum of 7.5 in an acidophilic organism is consistent with a cytosolic location, and T opt of 60-70°C is clearly consistent with the thermophilic nature of the alga. Further, these studies also offer clarification of our mechanistic understanding of an important step in the biotransformation of arsenic; i.e., the MMAs(III) intermediate has been predicted (23) but never observed.
Regarding the ecological significance of these findings, identification and characterization of arsenic methylation in this thermoacidophilic Yellowstone alga correlates well with the observation that methylated arsenic in the Yellowstone geothermal complex is found at highest concentrations in acidic features (29, 30) . Thus it would appear that algae play a significant role in arsenic cycling in the geothermal environment as also found in a range of marine and freshwater environments (1, 31) . These observations indicate that arsenic methylation forms an important component of the global arsenic biogeocycle.
Methods
Alga and Bacterial Cultures. The isolation and description of Cyanidiales isolate 5508 has been described (32) . Unless otherwise noted, Allen's medium (32) was used for routine culturing of this organism and in all experiments where arsenic speciation was examined. For in vivo As methylation and oxidation assays with isolate 5508, 20 mM NaH2AsO3 was added to media in duplicate sterile 70-mL capped (gray rubber septa) serum bottles with a 100% CO 2 headspace (replenished on day 7). Starting culture optical density was adjusted to A595 nm ϭ 0.050, and flasks were incubated at 42°C under constant illumination (80 mE m Ϫ2 ⅐s Ϫ2 ). For As(III) resistance assays with E. coli strains AW3110(DE3) (⌬arsRBC) or AW3110(DE3) pET28-alg-arsM were used. Resistance assays with E. coli were performed as described (19) .
DNA Manipulations, PCRs, and Protein Purification. DNA was extracted from 5508 cultures as described (34) . For amplifying both CmarsM genes, the forward primer 5Ј-TTAGCAGCATCGTCGCCCTGTCGC-3Ј and reverse primer 5Ј-ATGCCGTGCAGCTGTGCGTCTG-3Ј were designed based on arsM sequences found in the genome sequence of C. merolae strain 10D. Amplicons were cloned into pCR2.1-Topo (Invitrogen) as 1.2-kb fragments and then sequenced at the Ohio State University Plant Microbe Genomics Facility (Columbus).
For construction of plasmids for CmarsM expression and purification of ArsM proteins, the 1.2-kb fragments containing the ATG start codon but excluding the stop codon were PCR-amplified by using the forward primer (5-GTGCTCGAGGCGGCCGCGCAGCATCGTCGCCCTGTCGC-3Ј) (NotI site underlined) and reverse primer (5Ј-GATATACCATGGCGTGCAGCTGTGCGTCTGG-3Ј) (NcoI site underlined), then cloned into pET28a(ϩ) as a NcoI/NotI digest, generating plasmid pET28-alg-arsM, in which the arsM gene is under the control of the T7 promoter. All of the sequences were verified by DNA sequencing. His-tagged ArsM proteins were purified as described (19) .
Arsenic Speciation Analysis. Reaction samples were processed as described (19) . Protein was removed from the reaction samples by centrifugation using a 10-kDa cut-off Amicon Ultrafilter. The filtrate was speciated by HPLC (PerkinElmer Series 200) ICP-MS (PerkinElmer ELAN 9000) using an anion exchange column (Hamilton PRP-X100) eluted with a step gradient composed of 9 mL of mobile phase A (20 mM ammonium bicarbonate, pH 8.5), and 18 mL of mobile phase B (20 mM ammonium sulfate, pH 7.0) at a flow rate of 1.5 mL/min. For in vivo assays with the cultured isolate 5508, diluted culture fluids were speciated by using HPLC-ICP-MS (Agilent 7500ce) with an anion exchange column (Agilent G3154A). A 2.0 mM KH2PO4/0.2 mM EDTA/5% methanol (pH 6.0) buffer was used as the mobile phase at a flow rate of 1.0 mL/min.
As(III) methylation was assayed both in vivo and in vitro. Algal culture samples (0.1 mL) were withdrawn daily for arsenic analysis. Culture samples were centrifuged (10 min, 7,500 ϫ g), and the supernatant was removed, diluted appropriately, and kept frozen at Ϫ20°C until analysis by HPLC-ICP-MS. Duplicate controls containing arsenic but no algal cells and duplicate killed-cell controls, where the media was inoculated with autoclaved algal cells, were prepared, incubated, and sampled in the same way.
For in vivo assays with E. coli strain AW3110(DE3) (⌬arsRBC) bearing either vector plasmid pET28aϩ or pET28a-alg-arsM7, cultures were first grown overnight at 37°C in LB media containing 25 g/mL kanamycin and 0.3 mM IPTG, and then diluted 50-fold into fresh, prewarmed LB media containing 25 g/mL kanamycin, 0.3 mM IPTG, and 25 M sodium arsenite. The cultures were divided either into 4-mL aliquots in capped vials or 5-mL capped chambers, as described above, and grown with gentle shaking at 37°C. At the indicated times, arsenic species in the reaction solution and filters were analyzed in triplicate by HPLC-ICP-MS. In vitro assays with purified ArsM were performed in a buffer containing 50 mM K2HPO2, 8 mM reduced glutathione, and 0.3 mM S-adenosylmethionine chloride, pH 7.4, unless otherwise indicated.
The gaseous arsenic compounds evolved from the cell cultures were analyzed by cryogenic trapping of the evolved gaseous arsenic species followed by GC and ICP-MS analysis of these arsenic species (35) . Cell cultures (5 mL) were incubated with As(III) in capped 29.4-mL chambers. After incubation, the chambers were taken out from an incubator and connected to a custom-built cold trapping-GC-ICP-MS system. The headspace in the chambers was purged with helium for 6 min, and the volatile arsenic species were trapped on a GC column immersed in liquid nitrogen. After trapping, liquid nitrogen was removed, and the gaseous arsines trapped on the GC column were separated and carried by helium to the ICP-MS for analysis. Individual gaseous arsenic species were quantified against calibrations of the respective arsine species generated from the corresponding arsenic standards by using hydride generation reactions.
Scanning Electron Microscope Energy-Dispersive X-Ray Analysis. Samples corresponding to the orange-yellow solid phase observed in the thermal spring and associated with the Cyanidiales algae were taken with sterile spatulas, placed into sterile 15-mL tubes, covered with corresponding spring water, and transported to the laboratory. Portions of the solid phase were air-dried, mounted and sputter-coated with carbon, and imaged with a scanning electron microscope (JEOL 6100), and elemental spectra were acquired from representative spots by using energy dispersive X-rays (NORAN detector with Roentec software). The quantitative analysis from each spectrum was run to
